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51.5: Single Panel Color Sequential Projectors with Polarization Recovery 

Serge Bierhuizen 
InFocus Corporation, Wilsonville, Oregon, USA 



Abstract 

Color sequential single panel LCD projectors potentially fulfill 
the need for low cost projection systems. This paper describes and 
compares potential alternative and integrated solutions for cost 
drivers like polarization and color recovery. 

1. Introduction 

Further cost reduction of projection engines, both front and rear, is 
required to reach the consumer price range. Lower cost through 
miniaturization of the light valves has been the trend in the past 
years. In addition, new, fast switching LCD and LCOS panels are 
being developed, which enable low cost single panel color 
ial projection systems. 



d of scrolling prism 
[13]. Looking at the cost breakdown of the engine, 
' optics take up about 20% of the total 



le designed, simulated or 



was focused on. Several architectures w< 

prototyped. Although performance is low initially, single panel 
LCOS may become a disruptive technology as described by C. 
Christensen in "The Innovator's Dilemma' [3]. 

2. Color Switch Architecture 

A typical color sequential architecture is shown in Figure 1 and 
' ts of a short arc mercury lamp [10], integration optics for 




i. Typical architecture of single panel LCOS 

) of light ($) from an UHP lamp 
re-length (d) can be approximated by [10] 




with the F f of the projection 
lens. In projection systems with a PCS (Polarization Conversion 
System, where unpolarized light from the light source is converted 
into the required linearly polarized light) the etendue of the light 
collected from the lamp is approximately half of the system 
etendue as a typical PCS doubles the etendue of the beam [14]. 



(rounded) e) 



i efficiency of component or function x. Typical 
iciencies include illumination lens (99%), light 
(90%), PCS (90%), PBS (85%), analyzer (90%), 
i overfill (90%), projection lens (85%). The 'duty 
cycle* of the light valve, typically a Ferroelectric or Twisted 
Nematic LCOS must also be included as an additional efficiency 
factor in color sequential systems [13][14]. Ferro-electric Liquid 
Crystals have switching times less than 100us, therefore the duty 
cycle is much better than TO materials which have also improved 




Figure 2. Single panel FLC prototype 

The integrator and PCS were designed smaller and therefore less 
expensive. Using a 0.78" Ferro-Electric Liquid Crystal panel (less 
than half of the 1.15" panel size of current scrolling prism systems 
[13]) we achieved a maximum brightness of more than 600 Ansi- 
lumens, which indicated the potential of single panel projectors 
for application in consumer products. The glass PBS prism can be 
replaced by a wire-grid polarizer [8] to reduce artifacts like stress 
birefringence. The flatness must be controlled sufficiently when 
the wire-grid is used as a front mirror in the imaging pari. 



3.2 



Polarization Recovery 

"s arrays are the optically poor fill 
s and the tolerance requirements f 
i of each lens. Integrating 



m with a colorwheel because they are an 
inexpensive and compact solution for light integration. The 
system in Figure 3 integrates the function of a pre-polarizer and 
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A reflective polarizer is placed near the position of the LCD 
(illumination window image). The first lens, (focal length fl) is 
placed at a distance ~fl from the tunnel, making a lamp (pupil) 
image at a distance ~fl. A second lens (focal length £2) at a 
distance ~£2 re-images the pupil at infinity for telocentric 
illumination at the light valve and also images the tunnel exit 
(rectangular window) at the position of the light valve. 
The second lens is de-centered in this example, which causes the 
illumination at the window to be off-axis, filling half the system's 
eiendue. The wire-grid polarizer M 
reflects the other. The light from the ref 

imaged by the second lens onto a mirror witn a ■/« wave 
film/coating at the position of the lamp (pupil) image. 
The polarization direction is rotated and the 'window' is re- 
imaged back onto the position at the reflective polarizer window 
that will transmit the recovered polarization state, thereby filling 
the other half of the system's etendue. The S and P components of 
the polarization are indicated schematically in Figure 3. The 'A 
wave plate may be placed anywhere ' 
reflective polarizer. This method can be used for 
' light directly through a 
panel) or in other one, two and three panel systems by 



3.2.2 Polarization Recovery with PBS Prism 
Another PRS variant is shown in Figure ' " 
conversion is done before an imaging P 
prism. The same principle is applied in te 
at a mirror with a % wave plate. 



ii 



Figure 6. PRS with PBS prism 

The S-polarized reflection of the dichroic Mi™- ' 1 • T °l>Vtew 
PBS prism is very efficient (about 98%) as it ' 




. (which m 
tth and polar angles). The polar plot in 
iginal coating (left) and an improved coating 



direction is also shown in the Figure 7. 




The light is split at the wire-grid polarizer into S and P polarized 
light The reflected S-polarized light is reflected by a mirror (or a 
second reflective polarizer) to the reflective PBS and then back 
towards the relay lens that creates an intermediate image of the 
lamp (pupil) for recycling with a mirror and a VA film. 
The wire-grid side is at the side of the LCD for analyzing the light 
from the panel into the projection lens. An additional analyzer can 
improve the contrast by absorbing the light leakage from the PBS. 
The advantage of systems lil 
for the polarization c< 
which reduces the cost The o 
polarizers have a lower blue efficiency and cc 
used as a 45° PBS. This can be improved 
smaller pitch wire-grid pattern [8]. 



results of PBS prism 

further by ti 

the angular intensity distribution I i | teIlirauio „(8,i|i) of th 
illumination through the components. This can be measured c 
modeled in software as ASAP or LightTools. 

1x =7^- J Pu lumiM «o n ( e .+> T op n «^'*)*^ 



i Recovery System. The efficiency of the described 
ery system as a function of the etendue is 
included in paragraph 5. 
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4 Integration of Functionality 

To simplify the system further we also investigated systems with 
integration of polarization recovery and a rod or tunnel integrator. 

4.1 Integrating Polarization Recycling 

Texas Instruments presented their concept of Scrolling Color 
Recapture, invented by D. Scott Dewald [4] [5]. We simulated 
different polarization recovery systems using a Polarization 
Recycling Rod (PRR) or Tunnel (PRT) with a reflective polarizer, 
an input aperture area (A mtooI ) and a means for rotating the 
polarization direction such as a V, wave plate at the mirror. 



re discussed 

by M. Duelli of OCJJ~[6]. When we analyze a cycle of the 
polarization recovery path in Figure 8, i.e. the light that is 
reflected by the exit polarizer and then by the input aperture, back 
to the output polarizer for a second chance into the system, we 
• jn light path cycle P,^ is: 



the mirror and A, nl is the area of the integrator. 
The polarization recovery gain factor (relative to only the 
efficiency of a reflective polarizer) of the light coupled into the 
rod aperture is a function of the polarization conversion efficiency 
y (up to 90% [6]), defined as the percentage of polarized light that 
gets rotated by 90° per , „ . 




efficiency of the input aperture and 
itance angle 6, i.e. the light th 
n to the area of the light pipe. 

4.2 PRR and! . 

In the system shown in Figure 9 we use a cholesteric Bf 
Modulation Filter) Color Switch [1] to generate color an< 
a reflective polarizer for polarization recovery. The BMF is placed 
at the end of an integrating rod with a reflective input aperture. A 

ft color sequential panel is 
BMF. This enables a very simple and < 




Aperture A^, Color Seq. Panel 

Figure 9. PRR and Cholesteric BMF Color Switch 



» RGB(W) 



(see Figure 10). The addressing speed ca 
be matched to the writing speed of th 
panel to enable scrolling color. [13] Figure 10. Scrolling color 
If two or more colors are present at the BMF we can actually 
make use of the fact that the cholesteric BMF reflects the 
unwanted polarized colors, resulting in color recycling as well as 
polarization recycling in the same unit, significantly increasing 
the efficiency. Other advantages of the BMF are potential 
application of dynamic contrast and tunable white color point In 
principle the cholesteric filters do not absorb light, but the lifetime 
with high light intensities and temperatures needs to be proven. 
Other ways of combining color recovery and polarization 
recovery include (switchable) reflective color filters per pixel (like 
"•" ' res), or a monolithic SCR colorwheel, 
o the scrolling panel. Figure 1 1 shows a 
»ior drum with scrolling horizontal color 
; cholesteric BMF filters), transmitting one 
color of one polarization and recycling the rest. This has the 
" " aight scrolling 

- " p [7]ll3]. 



which can be imaged or 




4.4 Color Recycling Efficiency Calculations 

The color recycling gain can be calculated using a similar method 
as for the polarization recycling. The cycle path of one reflection 
of the color stripes and from the input aperture is C^: 



lie first color recycling term and the unrecycled (Rest) term are: 
CoIRec (n=1) = Cpfltfl 0-1) and RestCol^, = CfMrt -ft ' 
From this we can calculate the other color recycling ten 
the following recursive function: 
ColRec (B) » ColRec^,, .(I- T ) + RestCol ( „_ 1) y 
The 'Rest Color' recovery part (RestCol^ will be polarization 
recycled before being color recycled again and is given by 
RestCol (n) =(ColRec ((l) -ColRec^ ■<!-?))•— + 

(ColRec^ -RestCol^,, .P pmh .y)-^ 

From this the color recycling efficiency gain factor (G^i) and the 
total system gain (including PRR function) can be approximated: 

C ool m 1 + C pa,h ■ 0 -V ) + £ CoiRec M ttni G system ' P ' G pol ' G ccl 
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The graph in figure 12 shows the modeled gain as a function of y 
for an input aperture ratio of 0.2. It includes the Polarization 
Recycling Rod Gain (G_PRR), the Color Recycling Gain (G_CR), 
the combined gain (G_P*C) and the system gain that includes the 
coupling efficiency p for a 1.15" panel, 1.0 mm arc, F»2. 4 system. 




Figure 12. Gain factor as function of y 

The Color Recycling gain reduces with increasing y. Therefore, 
the total polarization and color recycling gain has a reduced 
dependency of y, which shortly improves spectral performance. 

5. Discussion and Conclusions 

The cost of single panel color sequential Liquid Crystal projectors 
is partly driven by the polarization recovery and color generation 
solutions. We designed and constructed a single 0.78TLC panel 
system with >600 lumen, indicating the potential of single panel 
LC systems for the consumer market. 

The graph in Figure 13 shows the optimized polarization and 
color recovery rod gain (G_P&C) as a function of the etendue, the 
Polarization Recovery System (G_PRS) of chapter 3.2 and the 
contribution of the Polarization Recycling Rod gain (G_PRR). 
The system gain (relative to using a reflective polarizer without 
polarization recovery) is shown for y=90% and lamp arcs with 1.0 
mm and potential future 0.7 mm arc dimensions. 




Figure 13. System gain as function of the etendue 

The optimum input aperture in the polarization and color recovery 
rod integrator for a 1.15" panel, 1.0 mm arc lamp, is around 20% 
and for the 0.78" system around 30% of the integrator area. 



The Polarization Recovery Rod seems to be the least expensive 
system. However, the system gain (20-35%) is (depending on the 
etendue) only half of the system gain with the novel Polarization 
Recovery System as described in paragraph 3.2. 
Combining the Polarization Recovery Rod with our new Color 
Recycling solutions increases the benefit of the reflecting input 
aperture at the rod or tunnel, improving the efficiency of the PRR 
concept with another 20-35%. Reducing the arc size is more 
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